Introduction
The regulated secretion of hormones and neuromodulatory peptides occurs when calcium triggers large vesicles to fuse with the cell surface to release their contents (for review see Rettig and Neher, 2002 ) . After fusion, the membrane must be mechanically deformed to reshape a vesicle and broken to retrieve it from the cell surface. The dynamics of the processes that alter the shape of the vesicle during regulated secretion are not understood, and we have little understanding of their molecular basis.
The fi rst connection between the lumen of the vesicle and the exterior of the cell is termed the fusion pore, which is thought to be similar to an ion channel ( Chow et al., 1992 ; Lindau and Alvarez de Toledo, 2003 ; Wang et al., 2003 ) . But the fusion pore only allows the vesicle contents to trickle out at a low rate ( Gong et al., 2007 ) . Explosive release occurs when the lipid forming the vesicle merges with the plasma membrane, resulting in an omega-shape profi le at the cell surface ( GrynszpanWinograd, 1971 ; Benedeczky, 1983 ; Schmidt et al., 1983 ) . After fusion, the opening to the vesicle can close again to allow retrieval of the whole compartment by a process termed " cavicapture " ( Henkel and Almers, 1996 ) , or the vesicle might collapse into the surface ( Patzak and Winkler, 1986 ) . The term " kiss-and-run " has also been used to describe the retrieval of the whole vesicle after fusion, but whereas some workers confi ne this term to the idea that the release of vesicle contents occurs only through a narrow fusion pore ( Gong et al., 2007 ) , others also use it to describe a transient opening formed by merging of the vesicle membrane with the surface ( Tsuboi and Rutter, 2003 ; Fulop and Smith, 2006 ) . The speed of these fusion events is regulated by calcium, with faster events favored at low concentrations generated by low frequency stimulation, and slower fusion and retrieval favored at higher concentrations of calcium generated by stronger stimulation ( Fulop et al., 2005 ; Elhamdani et al., 2006a , b ; Fulop and Smith, 2006 ) . It has been proposed S ecretion of hormones and peptides by neuroendocrine cells occurs through fast and slow modes of vesicle fusion but the mechanics of these processes are not understood. We used interference refl ection microscopy to monitor deformations of the membrane surface and found that both modes of fusion involve the tightly coupled dilation and constriction of the vesicle. The rate of opening is calcium dependent and occurs rapidly at concentrations <5 μ M. The fast mode of fusion is blocked selectively by a truncation mutant of amphiphysin.
Vesicles do not collapse when fusion is triggered by strontium, rather they remain locked open and membrane scission is blocked. In contrast, constriction of the vesicle opening continues when endocytosis is blocked by inhibiting the function of dynamin. Thus, fast and slow modes of fusion involve similar membrane deformations and vesicle closure can be uncoupled from membrane scission. Regulation of these processes by calcium and amphiphysin may provide a mechanism for controlling the release of vesicle contents.
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Results

Evidence that the fusion of vesicles can be visualized by IRM
To investigate the behavior of large dense-core vesicles fusing in chromaffi n cells ( Fig. 1 A ) , we monitored the IRM signal generated by defl ections of the surface membrane in the region of the cell in close contact with the glass coverslip, the footprint ( Gingell and Todd, 1979 ) .
[ I D ] F I G 1 [ / I D ]
When a depolarizing stimulus was applied through a patch pipette, localized bright spots appeared in the footprint, each a fraction of a micrometer in diameter ( Fig. 1 , B and C ). These spots represent a region of the cell surface where destructive interference was lost due to an increase in the distance between the coverslip and surface membrane ( Verschueren, 1985 ) . A cumulative plot of IRM events from this footprint is shown by the red trace in Fig. 1 D : they coincided in time with the increase in capacitance of the surface membrane (black trace) and after the peak of the capacitance response there was just one further IRM signal detected in the footprint ( Fig. 1 C, c and d ) . In addition, we have previously found that the capacitance increase per spot is ‫ف‬ 1.4 fF ( Llobet et al., 2003 ) , in close agreement with the mean capacitance of a granule ( Ales et al., 1999 ) . We therefore conclude that each bright spot in the IRM image was a direct consequence of the fusion of an individual granule. In the giant synaptic terminal of retinal bipolar cells, IRM demonstrates that the area of the footprint expands when secretion is stimulated, and there is a precise quantitative and that slower modes of fusion involve full collapse of the vesicle into the cell surface followed by clathrin-mediated endocytosis, whereas fast events involve kiss-and-run through a fusion pore ( Fulop et al., 2005 ; Elhamdani et al., 2006a , b ) .
To understand the process of secretion in neuroendocrine cells, we need to investigate the behavior of the omega shape and the molecules that regulate its opening and closing. With this aim, we have used interference refl ection microscopy (IRM) to detect the deformations of the surface membrane that occur when vesicles fuse to release hormones and neuromodulatory peptides from adrenal chromaffi n cells (for review see Rettig and Neher, 2002 ) . IRM allows membrane defl ections of < 10 nm to be monitored in real time and reliably signals the fusion of individual dense-core vesicles ( Gingell and Todd, 1979 ; Verschueren, 1985 ; Llobet et al., 2003 ; Weber, 2003 ) . We fi nd that fast and slow fusion events triggered at different calcium concentrations all occur by the same fundamental mechanism: the vesicle merges with the surface membrane and the mouth opens and closes in a stereotyped action. Surprisingly, the mouth remained open when secretion was triggered by strontium rather than calcium, demonstrating that vesicles do not normally collapse and that closure is a process distinct from the fi nal step of membrane scission. Introduction of a truncation mutant of amphiphysin blocked fast fusion events and favored slower dilation and constriction of the vesicle. These results indicate that calcium and amphiphysin modulate the release of vesicle contents by controlling the duration of the open omega shape rather than by selecting between kiss-and-run and full-collapse modes of fusion. An omega shape in a chromaffi n cell from hamster adrenal medulla (fi gure modifi ed from Benedeczky, 1983 ) . (B) Schematic diagram of the experimental confi guration showing an omega shape in the footprint. The image obtained by IRM was determined by refl ection of light at the interface between the coverslip and medium (R 1 ) and the medium and cell surface (R 2 ). If the distance (d) between these two interfaces is of the order of the wavelength of light, then R 1 and R 2 interfere. (C) Difference images from the footprint of a chromaffi n cell visualized by IRM. Average of three frames at rest (a), during stimulation (b), immediately after stimulation (c), and 13 s later (d). The stimulus was a train of 24 depolarizing steps 105 ms long, delivered at 5 Hz. (D) The relationship between the cumulative number of events counted in the footprint (red) and the increase in capacitance of the whole cell (black), from the experiment shown in C. Letters a -d show the timing of the corresponding frames in C. The lower trace showing the calcium current also indicates the timing of the stimulus. The blue line describes a single exponential fi t ( = 11.8 s) to the endocytosis phase. Intensity change as a function of time for the synchronous (white arrow) and asynchronous (red arrow) fusion events indicated in Fig. 1 C . (E) The change in area of the whole cell measured by capacitance (black) compared with the area of the footprint measured by IRM (red). Averaged results from 14 cells. Footprint area did not change signifi cantly when vesicles fused, indicating that they did not collapse.
blocked when fusion is triggered by strontium rather than calcium (see Fig. 7 ). A large number of different experimental observations are therefore consistent with the idea that local and transient invaginations of the surface membrane observed by IRM are omega shapes formed by fused vesicles.
Analysis of IRM signals
To investigate the information that might be obtained from IRM signals we took a simple measure, the total amount of refl ected light from a circular region of interest (ROI) centered on a fusion event. Examples of the way this quantity varies over time are shown in Fig. 3 A for two events, one synchronous with the period of stimulation and another occurring 15 s after calcium channels had closed. [ I D ] F I G 3 [ / I D ] Each spot brightens in a small fraction of a second and dims again completely. The theory of image formation by IRM indicates that a gradual brightening could occur if the opening to the granule widens after fusion or if the open granule elongates toward the interior of the cell to increase the path length from the coverslip to the membrane ( Gingell and Todd, 1979 ) . The notion that the granule elongates seems very unlikely for three reasons. First, electron microscopy of chromaffi n cells has not produced any indication of such behavior ( Schmidt et al., 1983 ) . Second, brightening of an IRM spot occurred in a small fraction of a second along a stereotyped time course; if new membrane were being added to the site of fusion, the fusion machinery would have to be very fast and consistent. Third, several groups have shown that the capacitance of an individual vesicle is constant after fusion, indicating that the vesicle cannot elongate by addition of new membrane ( Albillos et al., 1997 ; Ales et al., 1999 ) . The gradual brightening of a spot on granule fusion is also unlikely to refl ect dissolution of the proteinaceous core of the granule, at least as its primary cause, because this core is expected to have a refractive index significantly less than the cell membrane (see Materials and methods).
temporal relation with the total surface area of the terminal measured by capacitance ( Llobet et al., 2003 ; Beaumont et al., 2005 ) . In contrast, the stimulation of secretion in chromaffi n cells did not cause signifi cant spread of membrane in the region of the footprint. This behavior is shown in Fig. 1 E , which plots the averaged responses of 14 cells to a step depolarization. The stimulus caused a 3.5% increase in the surface area measured by capacitance, but the bounding area of the footprint on the coverslip barely altered. Thus, whereas small synaptic vesicles collapse on fusion, large dense-core vesicles in neuroendocrine cells do not.
Further evidence that IRM signals are generated by vesicle fusion is provided by the observation that they coincide with the release of FM dyes loaded into vesicles and observed by total internal refl ection fl uorescence (TIRF) microscopy ( Llobet et al., 2003 ) . We performed similar tests by observing densecore vesicles labeled in two other ways: using the recombinant fl uorescent probe atrial natriuretic peptide (ANP) -GFP ( Johns et al., 2001 ) or the acidophilic probe acridine orange ( Steyer et al., 1997 ) . Both approaches demonstrated that IRM signals observed on depolarization coincided in space and time with the sudden disappearance of labeled granules from the footprint, a hallmark of fusion ( Becherer et al., 2007 ) . Fig. 2 shows one of eight events in which granules labeled with acridine orange disappeared on depolarization in precise coincidence with an IRM event ( A and B ) and one of 16 events in which granules were labeled with ANP-GFP ( C and D ). [ 
Another approach by which to test the origin of signals generated by IRM is to investigate whether they are altered by experimental maneuvers known to affect granule fusion or retrieval assayed by the capacitance technique or amperometry. Several such tests are provided in subsequent sections. For instance, we demonstrate that the kinetics of the IRM signal are calcium dependent (see Figs. 3 -6 ), and recovery of the signal is in the IRM signal was not, therefore, explicable by passive collapse of the vesicle, and we interpret recovery as constriction of the vesicle mouth.
Fast and slow modes of vesicle opening and closing
The kinetics of IRM responses depended on the timing of vesicle fusion relative to the opening of calcium channels. For instance, in Fig. 3 A , the event synchronous with the period of depolarization rose more gradually and recovered more slowly than the event occurring after Ca 2+ channels had closed (Video 1, available at http://www.jcb.org/cgi/content/full/jcb.200807034/DC1). An obvious difference between synchronous and asynchronous release is the [Ca 2+ ] under the membrane at the time of fusion. To estimate this quantity, we loaded chromaffi n cells with 200 μ M of the calcium indicator Fluo-5N through the patch pipette and imaged the footprint by TIRF microscopy (see Materials and methods). We found that during a depolarizing stimulus, vesicles within ‫ف‬ 150 nm of the surface membrane were exposed to a [Ca 2+ ] of at least 20 -30 μ M, but asynchronous release continued after calcium channels closed and the free [Ca 2+ ] had fallen below 5 M ( Fig. 3 B ) .
To compare the speed of vesicle opening under different conditions, we measured the time for the signal to rise to half maximum (D 1/2 ). A histogram of D 1/2 for synchronous fusions displayed two peaks and could be described as the sum of two Gaussian distributions with means of 60 and 180 ms ( Fig. 4 
A , black curve). [ I D ] F I G 4 [ / I D ]
In contrast, asynchronous events were distributed around a single peak, but again centered on a mean D 1/2 of 60 ms ( Fig. 4 B , red curve). We could therefore differentiate two populations of vesicle openings, fast and slow. Both occurred while calcium channels were open, but only the fast mode was observed after calcium channels had closed ( Fig. 4 C ) .
The speed of vesicle closing was linked to the rate of opening. Fig. 4 D shows the relation between D 1/2 and the time for the IRM signal to recover to half maximum from the peak (C 1/2 ). Faster dilation of the vesicle mouth was strongly correlated with faster constriction (r = 0.94). Although synchronous events varied widely in the rate of opening and closing, with D 1/2 up to 400 ms and C 1/2 up to 4 s, asynchronous events were distributed very narrowly, with D 1/2 < 120 ms and C 1/2 < 2 s. A value of D 1/2 < 120 ms and C 1/2 < 2 s therefore provided two criteria that allowed us to defi ne an event as " fast. " Although all but one of 28 asynchronous fusions were fast, only 130 of 282 synchronous fusions were fast ( Fig. 4 C ) . The peak amplitude of the IRM signal also varied, being lower for fast events compared with slow ( To visualize the opening and closing of the omega shape more closely, separate movie averages were made of fast and slow events, indexed in time to the frame in which the signal was at its peak (Videos 2 and 3, available at http://www.jcb.org/ cgi/content/full/jcb.200807034/DC1). A selection of frames from these averages are shown in Fig. 5 
(A and B) . [ I D ] F I G 5 [ / I D ]
A notable feature of all fusion events was that, once open, the vesicle did not achieve a stable confi guration; the IRM signal began to
In addition, we demonstrate below that the speed with which a spot brightens depends on the cytoplasmic calcium concentration triggering fusion, indicating that this process is regulated by intracellular events. We therefore interpret the rising phase of the IRM signal as representing the dilation of the mouth of the vesicle after it has merged with the cell surface.
Why do spots become dim again? Two mechanisms by which membrane might reattach to the coverslip are collapse and fl attening of the fused vesicle or reconstriction of the open mouth. If vesicles collapse, one might expect an expansion of membrane onto the coverslip and an increase in the area of the footprint, as is observed when small synaptic vesicles fuse in retinal bipolar cells ( Llobet et al., 2003 ; Beaumont et al., 2005 ) . Instead, we found that the area of the footprint did not change signifi cantly, even when exocytosis increased the total surface area of the cell by 3 -4% ( Fig. 1 E ) . In addition, we demonstrate below that dimming of the IRM signal is dependent on internal calcium, and that membrane invaginations remain locked in the open state when fusion is triggered by strontium. The recovery ] when it was below 3 μ M; the mean value of D 1/2 was 76 ms and C 1/2 was 593 ms ( Fig. 6 D ) . The mean time course of the IRM signal at these concentrations of calcium is shown by the blue trace in Fig. 6 (E and F) and Video 4 (available at http://www.jcb.org/cgi/content/ full/jcb.200807034/DC1). Dilation and constriction of vesicles decline immediately after reaching a peak, indicating that the mouth of the vesicle began to close within a fraction of a second ( Fig. 5 C ) . The rising phases of these responses are shown on an expanded time scale in Fig. 5 D , highlighting the explosive opening of the vesicle during fast events. These results demonstrate that fast and slow fusion events both lead to deformations of the surface membrane that can be visualized by IRM.
Fast IRM events were triggered at low levels of calcium
Why did vesicles fusing after the closure of calcium channels dilate and constrict more rapidly than those fusing during the depolarizing stimulus? Might vesicles released at low levels of Ca 2+ generate the fastest opening and closing actions? To test tium instead of calcium ( Fig. 7 A ) ; all vesicles remained locked in the open state, irrespective of whether they fused synchronously or asynchronously. The mean of these IRM responses is shown in Fig. 7 
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The closure of the vesicle mouth was dependent on calcium, and strontium could not substitute. These results provide further evidence that the decline in the IRM signal is a regulated process and that the omega shape formed on fusion does not collapse passively. Taraska et al. (2003) used TIRF microscopy to investigate the behavior of individual vesicles after fusion and also concluded that many maintain their identity before resealing to be retrieved intact.
Constriction of the vesicle mouth could be uncoupled from membrane scission
What are the molecular processes that alter the shape of the membrane as the omega shape opens and closes? Several proteins have been shown to interact with membrane lipids to deform the bilayer, most notably dynamins ( Praefcke and McMahon, 2004 ) , and proteins containing epsin N-terminal homology domains, such as epsin ( Hurley and Wendland, 2002 ) , or BinAmphiphysin-Rv (BAR) domains, such as amphiphysin ( Lee and Schekman, 2004 ; Peter et al., 2004 ) . Many of these bind preferentially to membranes with a certain degree of curvature ( Itoh and De Camilli, 2006 ) , leading to the suggestion that they fusing at low micromolar levels of Ca 2+ was very similar to those fusing asynchronously after a depolarizing stimulus ( Fig. 6 , E and F , red traces).
Recent experiments using amperometry and the capacitance technique have also demonstrated that a fast mode of fusion predominates at low micromolar levels of calcium ( Fulop et al., 2005 ; Elhamdani et al., 2006a , b ; Fulop and Smith, 2006 ) . These authors have termed fast events kiss-and-run, but we do not believe that they can occur through a fusion pore just 1 -2 nm in diameter, as this would not generate an IRM signal. It seems that most of the fusion events termed kiss-and-run are actually a fast form of cavicapture.
Calcium-dependent constriction of the vesicle mouth
Why are vesicles fusing at high levels of calcium retrieved more slowly? One suggestion is that they collapse and fl atten into the surface membrane, requiring the invagination of a new vesicle ( Fulop et al., 2005 ; Elhamdani et al., 2006a , b ; Fulop and Smith, 2006 ) . We found, however, that fast and slow events detected by IRM were qualitatively similar, both involving the retrieval of the intact vesicle ( Fig. 5 and Videos 2 and 3). This interpretation was strongly supported by the observation that the IRM signal did not recover when fusion was triggered by the infl ux of stron- which dynamin is only recruited to the neck of the vesicle after it has become very narrow and local membrane curvature is high ( Holroyd et al., 2002 ; Lee and Schekman, 2004 ; Tsuboi et al., 2004 ) . A key prediction of this model is that preventing constriction of the vesicle will prevent the recruitment of dynamin and, therefore, block membrane scission. Figs. 7 and 8 show that this is indeed the case. Stimulation of exocytosis in strontium blocked recovery of the IRM signal and also blocked membrane retrieval assayed by the capacitance technique ( Fig. 7 A ; Artalejo et al., 2002 ) . A second maneuver that blocked both endocytosis and will be recruited sequentially at the appropriate time and place to drive endocytosis forward ( Lee and Schekman, 2004 ; McMahon and Gallop, 2005 ) . In this scenario, the last protein to be recruited is dynamin, a GTPase which constricts and breaks membrane in a wide variety of cells. Fast and slow modes of endocytosis in chromaffi n cells are both dependent on the action of dynamin ( Artalejo et al., 2002 ) , and one of the key proteins recruiting dynamin to a vesicle is amphiphysin ( Wigge et al., 1997 ) . We therefore investigated the roles of dynamin and amphiphysin during the opening and closing of the vesicle mouth.
To assess the timing of dynamin action, we monitored membrane scission using the capacitance technique while also measuring the IRM signal. Fig. 8 A shows the synchronous signals averaged from 42 events in nine cells stimulated for 0.5 s. [ 
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The initial rate of fall in membrane area over the fi rst second after the stimulus was 19 ± 0.7% s Ϫ 1 (mean ± SD), whereas the IRM signal originating from fused vesicles declined at a rate of 45 ± 2% s Ϫ 1 . These measurements were repeated after inhibiting the function of dynamin using two different approaches. The fi rst was to introduce the SH3 domain of amphiphysin into chromaffi n cells through a whole cell pipette containing 480 μ M. The SH3 domain of amphiphysin binds to the proline-rich domain of dynamin to prevent its recruitment to the plasma membrane ( Wigge et al., 1997 ; Holroyd et al., 2002 ) , an action that can be mimicked by the SH3 domains of other proteins. The second approach for inhibiting the action of dynamin was to substitute GTP inside the cell with GTP-␥ -S to block GTP hydrolysis, a maneuver that allows dynamin recruitment but blocks membrane scission ( Takei et al., 1995 ) . In both cases, endocytosis from the cell surface was barely apparent, whereas the IRM signal decayed to baseline with a time course that did not differ signifi cantly from controls, as assessed with an ordinary analysis of variance test ( Fig. 8, B and C ) . Therefore, membrane scission by dynamin did not play an essential role in closing the omega shape.
The faster fall in the IRM signal compared with the capacitance signal might be expected if constriction of the vesicle mouth precedes its removal from the cell surface ( Fig. 8 A ) . Similarly, closure of the omega shape even when membrane scission is blocked ( Fig. 8, B and C ) would be consistent with a model in 
Discussion
Fast and slow vesicle fusion visualized by IRM
The mechanical behavior of a secretory vesicle has long been the subject of debate, and the molecules that regulate deformation of the membrane have not been identifi ed. Using IRM, we have visualized omega shapes formed at the membrane surface and fi nd that the mouth of a large vesicle opens and closes in a concerted action, the speed of which is regulated by calcium and amphiphysin. The secretory process had the following basic features: (a) the opening of the omega shape dilated to a maximum within hundreds of milliseconds, (b) the opening was not stable, but began to constrict immediately, (c) the rate of constriction was correlated with the rate of dilation, (d) constriction did not occur when fusion was triggered by strontium, (e) vesicles fusing at low levels of calcium dilated more rapidly than those fusing recovery of the IRM signal was prolonged dialysis of the cell through the patch pipette ( Fig. 8 D ) . The inhibition of endocytosis by dialysis has been attributed to the loss of diffusible cytoplasmic factors ( Smith and Neher, 1997 ) , and it seems that constriction of the vesicle is also dependent on these.
An amphiphysin truncation mutant blocked fast fusion events
Amphiphysin is the archetypal member of a family of proteins that can generate membrane curvature through a BAR domain preceeded by an amphipathic helix at the N terminus ( Lee and Schekman, 2004 ; Peter et al., 2004 ) . Amphiphysin plays a key role in clathrin-mediated endocytosis, and like other proteins containing N-BAR domains, it can directly tubulate liposomes without the addition of dynamin or GTP ( Takei et al., 1999 ) . Intriguingly, the GTPase activity of dynamin associated with amphiphysin varies according to the curvature of the membrane to which amphiphysin is bound ( Yoshida et al., 2004 ) . Curvature is expected to be highest at the neck of a vesicle, leading to the suggestion that amphiphysin might act as a sensor of curvature to regulate membrane scission ( Peter et al., 2004 ) . The SH3 domain of amphiphysin also binds the proline-rich domain of synaptojanin 1, a polyphosphoinositide phosphatase that is also thought to have a role in clathrin-mediated endocytosis ( Gad et al., 2000 ) .
To investigate how amphiphysin might be involved in the processes of cavicapture, we used a truncation mutant lacking the SH3 domain, thereby preventing recruitment of dynamin and synaptojanin. This amphiphysin ⌬ SH3 mutant retains the N-BAR domain and clathrin and adaptor binding motifs, so it is expected to interact with membrane and other binding partners. Amphiphysin ⌬ SH3 was introduced into chromaffi n cells through a whole-cell pipette containing 20 μ M and the IRM responses measured during and after depolarization. The mean time for vesicle opening (D 1/2 ) for synchronous events in the presence of amphiphysin ⌬ SH3 was 290 ± 16 ms, which is signifi cantly longer than those triggered by depolarization under normal conditions or by release of caged calcium ( Fig. 9, A ( Fig. 4 B ) , became signifi cantly prolonged on average ( Fig. 9 D ) . Amphiphysin ⌬ SH3 therefore inhibited fast events to favor slower opening and closing of the vesicle. Treatment with amphiphysin-SH3 or GTP-␥ -S did not signifi cantly alter the speed of opening.
How did the slower closure of vesicles in the presence of amphiphysin ⌬ SH3 affect their rate of retrieval? To answer this question, we monitored endocytosis using the capacitance technique ( Fig. 9 E ) . In control conditions, endocytosis proceeded with a rate constant of 0.12 ± 0.07 s Ϫ 1 ( n = 13), whereas in the presence of amphiphysin ⌬ SH3 the rate constant was 0.06 ± 0.05 s Ϫ 1 ( n = 9). Calcium currents were comparable in both conditions ( Fig. 9 F ) . The longer-lived omega shape in the presence of amphiphysin ⌬ SH3 ( Fig. 9, A -D ) was therefore correlated with a slowing of the mean rate of endocytosis, providing further evidence that closure of the vesicle mouth preceded membrane scission by dynamin. How do variations in the kinetics of vesicle opening and closing affect release of vesicle contents? Amperometry demonstrates that catecholamine release occurs in a fraction of a second after the vesicle membrane merges with the cell surface ( Ales et al., 1999 ), so we expect that both fast and slow fusion events will effectively release water-soluble catecholamines. But chromaffi n cells also release several peptides and hormones, and TIRF microscopy demonstrates that these are released on a time scale of seconds with molecules of different sizes released at different rates ( Barg et al., 2002 ; Taraska et al., 2003 ) . Fulop et al. (2005) have recently demonstrated that differential transmitter release is of physiological signifi cance, being regulated by the electrical activity of the chromaffi n cell; under basal fi ring conditions, catecholamines are released, whereas at higher fi ring rates neuropeptides are also secreted.
Toward a molecular understanding of dilation and constriction
What are the molecular processes that deform the membrane as the omega shape opens and shuts? In this study, we have investigated the roles of two proteins which have a key role in endocytosis, dynamin and amphiphysin. We fi nd that membrane scission by dynamin is not involved in constricting the mouth of the open vesicle ( Fig. 8 ) . Further, membrane retrieval was blocked under conditions in which the vesicle failed to close ( Figs. 7 and 9 ), suggesting that this last step in endocytosis did not begin until the mouth of the vesicle had become very narrow. These results are also consistent with the observation that dynamin is recruited to the neck of the vesicle just before the point of scission ( Merrifi eld et al., 2002 ; Perrais and Merrifi eld, 2005 ) .
One of the key molecules recruiting dynamin to endocytic vesicles is amphiphysin, which binds preferentially to membrane with high curvature, such as occurs at the vesicle neck ( Peter et al., 2004 ) . We fi nd that introduction of an amphiphysin truncation mutant that cannot bind dynamin or synaptojanin 1 leads to a distinctive phenotype, the selective inhibition of fast events ( Fig. 9 ). This might be explained if amphiphysin normally acts to accelerate closure of the vesicle mouth through an action requiring the SH3 domain. This action is unlikely to be simply the recruitment of dynamin because vesicle opening was not obviously affected by introduction of amphiphysin-SH3 at concentrations suffi cient to block membrane scission ( Fig. 8 B ) . The role of the actin cytoskeleton may be worth considering. Proteins containing BAR domains are often involved in membrane remodelling through the cytoskeleton ( Itoh and De Camilli, 2006 ; Yamada et al., 2007 ) , and Felmy (2007) has recently demonstrated that the time course of cargo release from dense-core vesicles is modulated by the actin cytoskeleton in PC12 cells. Exocytosis of granules in sea urchin eggs ( Yu and Bement, 2007 ) and pancreatic acinar cells ( Nemoto et al., 2004 ) is followed by the assembly of actin coats that have been suggested to stabilize the membrane invagination or promote their retrieval from the cell surface.
The molecular events involved in regulating the fusion and fi ssion of secretory vesicles have been studied in detail; using IRM we now have a real-time assay that will allow us to study the intervening events that control opening and closing of the connection that mediates regulated secretion.
at high calcium, (f) neither dilation nor constriction were affected by blocking endocytosis at a step requiring the action of dynamin, and (g) antagonizing the action of amphiphysin selectively blocked fast events.
Evidence that a secretory vesicle can be retrieved intact after fusion has also been obtained using the capacitance technique ( Neher and Marty, 1982 ) , by TIRF microscopy ( Taraska et al., 2003 ; Perrais et al., 2004 ; Taraska and Almers, 2004 ) , and by imaging of plasma membrane lawns ( Holroyd et al., 2002 ) . The evidence of Taraska et al. (2003) is particularly direct. Using TIRF microscopy, they imaged a fl uorescent marker in the cytosol and found that vesicle fusion created a shadow where the vesicle excluded the marker from the evanescent fi eld. These shadows were long lived, indicating that granules did not collapse; the recapture of a vesicle in this state has been termed cavicapture ( Perrais et al., 2004 ) and we believe that this is the best term to describe the events observed by IRM. The fact that IRM detects fast and slow modes of secretion triggered at different levels of calcium indicates that cavicapture can be regulated by calcium and occurs in seconds and Videos 2 and 3). Others have suggested that the faster mode of fusion occurring at lower levels of calcium refl ects kiss-and-run through a fusion pore ( Fulop et al., 2005 ; Elhamdani et al., 2006a ) , but our results demonstrate that kiss-and-run is certainly not the exclusive mode of secretion under these conditions.
Modulation of dilation and constriction
by calcium IRM measurements demonstrate that calcium regulates both the opening and closing of the vesicle mouth, with vesicles primed to be released at low micromolar levels of Ca 2+ expanding fastest ( Figs. 3 -7 ) . These results immediately suggest the possibility of a link between the dilation of the open mouth of the vesicle and the Ca 2+ -sensitive step triggering fusion or even the preceeding priming process that is also Ca 2+ sensitive (for review see Rettig and Neher, 2002 ) . The Ca 2+ sensor controlling regulated secretion is synaptotagmin, which has multiple isoforms and binds divalents through C2 domains ( Sudhof, 2002 ) . In PC12 cells, the transition from a narrow fusion pore to a wider connection is more likely to occur in vesicles containing synaptotagmin I compared with those expressing synaptotagmin IV ( Wang et al., 2001 ) , which correlates with synaptotagmin I having the higher affi nity for Ca 2+ . Two observations indicate that calcium also regulates resealing of the vesicle mouth. The IRM signal generated by vesicles fusing asynchronously or at low levels of calcium declined more rapidly than synchronous events ( Fig. 4 D and Fig. 6 ), and vesicle closure was blocked when fusion was triggered by strontium instead of calcium ( Fig. 7 A ) . These differences in the kinetics of closure may also refl ect the properties of different synaptotagmin isoforms, which have variable affi nities for strontium compared with calcium ( Bhalla et al., 2005 ) . But there is a second qualitative difference in the effects of the two divalents on synaptotagmin: whereas calcium induces binding of the C2 domains to SNARE proteins, strontium does not ( Shin et al., 2003) . Might the binding of synaptotagmin to SNAREs cause the closure of the vesicle mouth? granule itself, but the quantitative analysis of IRM signals is too complex to obtain reliable estimates of these ( Gingell and Todd, 1979 ) . The time course of fusion events was assessed by an iterative process. First, a square ROI (252 nm across) was placed over the area where a spot appeared in the video of the IRM signal, as assessed by eye. The time course of the change in intensity over this region was plotted to identify the frame in which the signal was at a maximum. This single frame was then used to recenter the ROI over the pixel in which the signal was highest and the time course was measured again. To average events or compare their kinetics, time 0 was defi ned as the frame in which the signal peaked. Footprints selected for analysis typically contained four to six fusion events synchronous with the stimulus.
Does the granule matrix contribute to the IRM signal?
The interior of a secretory granule contains a proteinaceous matrix that is osmiophilic and appears dense in electron micrographs ( Fig. 1 A ) . Might this matrix contribute to the signal observed at sites of granule fusion? In principle, the site of granule fusion might also appear brighter if the contents of the omega shape had a refractive index comparable to the cell membrane, increasing the amount of refl ected light ( Gingell and Todd, 1979 ) . In practice, the optical density of the granule core is probably closer to that of water (1.3) than a membrane bilayer ( ‫ف‬ 1.5). A concentrated solution of proteins has a refractive index of ‫ف‬ 1.4 whereas dried protein has a refractive index of 1.58 ( Barer and Joseph, 1954 ) . Thus, although the fundamental process giving rise to a bright spot in the footprint is an omega-shaped defl ection of the surface membrane, we cannot rule out the possibility that the proteinaceous core of the granule alters the amount of refl ected light and, therefore, the contrast of the image. But the gradual brightening of a spot on granule fusion is very unlikely to refl ect dissolution of the core because the speed with which a spot brightens depends on the cytoplasmic calcium concentration triggering fusion ( Figs. 4 -6 ).
Combined TIRF microscopy and IRM imaging IRM imaging of vesicle fusion was combined with TIRF microscopy to monitor submembranous calcium signals ( Fig. 3 ) in a microscope (Axiovert 200; Carl Zeiss, Inc.), as described previously ( Llobet et al., 2003 ; Beaumont et al., 2005 ). An argon laser (488 nm) provided the beam for TIRF microscopy through a 60 × objective (1.45 NA; Olympus). The light for IRM originated from a Xenon lamp (100W; Newport-Oriel) and was transmitted through a fi lter (510WB40; Omega Optical Inc.) before passing through a combining cube (Newport-Oriel). The fi lter block contained a dichroic (505 DRLP), which refl ected > 95% at 488 nm and ‫ف‬ 35% at 510 nm, while transmitting > 80% at wavelengths > 515 nm. About 35% of refl ection was suffi cient for IRM if the Xenon lamp was at maximum power. When only TIRF microscopy was used, emitted light was fi ltered through a fi lter (HQ510LP; Chroma Technology Corp.) and a 488-nm notch fi lter (Coherent). When TIRF microscopy was combined with IRM, emitted light was fi ltered through a fi lter (545AF75; Omega Optical Inc.). Images were magnifi ed 2.2 × before being acquired by a CCD camera (Pentamax; Princeton Instruments) and acquisition software (Winview32; Roper Scientifi c). Image acquisition was synchronized with the electrophysiological recording using a pulse generator (Master-8; AMPI). The membrane current and camera exposure signal time were digitized (20 kHz) and fi ltered (5 kHz) by a Digidata interface (1322A; MDS Analytical Technologies).
IRM imaging of vesicle fusion was also combined with TIRF microscopy to monitor loss of vesicle contents ( Fig. 2 ) . In this case, images were acquired sequentially using a microscope (IX-71; Olympus) equipped with a modifi ed TIRF illumination system (IX2-RFAEVA-2) using a 60 × objective. A 99% refl ective mirror was placed in the light path for TIRF illumination, allowing 1% of the light from the epi-illumination light source to be transmitted for IRM. The IRM and TIRF light sources were controlled independently using shutters (Uniblitz; Vincent Associates) and synchronized with image acquisition using a pulse generator. Images were acquired at 3 Hz using a camera (C-9100; Hamamatsu Photonics) controlled by Okawo software (Hamamatsu Photonics). Image analysis was performed using ImageJ. 
Online supplemental material
Materials and methods
Cell preparation and solutions
Bovine adrenal chromaffi n cells were prepared as previously described ( Llobet et al., 2003 ) . Cells were plated onto poly-L -lysine (Sigma-Aldrich) -coated coverslips and used 1 -3 d after preparation, when they were perfused with Ringer ' s solution containing 140 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 10 mM Hepes, 10 mM glucose, and 2.5 mM CaCl 2 , pH 7.4, 300 mOsm/kg. Intracellular patch solution contained 120 mM Cs-methanesulfonate, 10 mM TEA-Cl, 5 mM MgCl 2 , 20 mM Hepes, 3 mM Na 2 ATP, and 1 mM NaGTP, pH 7.2, 290 mOsm/kg. Variable amounts of calcium buffer were added, either 0.1 -5.0 mM EGTA or 0.4 mM BAPTA. For uncaging experiments, calcium buffer was replaced by a 70% mixture of CaCl 2 and NP-EGTA (provided by G. Ellis-Davies, Drexel University, Philadelphia, PA) and 0.3 mM Fura-2 or Fura-FF (Invitrogen). For measurements of the submembranous calcium concentration by TIRF microscopy, the calcium buffer in the intracellular solution was 0.2 mM Fluo-5N ( K d = 90 μ M; Invitrogen). Experiments were performed after 2 min of dialysis with the calcium-sensitive dye. The intracellular calcium concentration was calculated as [Ca 2+ ] = K d (F Ϫ F 0 )/(F 0 ) ( Helmchen, 2000 ) , where F 0 is the resting level of fl uorescence. All experiments were conducted at room temperature.
To test whether IRM events coincided with release of vesicle contents ( Fig. 2 ) , chromaffi n cells were stimulated by local application of a depolarizing solution containing 50 mM KCl. To visualize dense-core vesicles, cells were transfected with ANP-GFP (provided by E.S. Levitan, University of Pittsburgh, Pittsburgh, PA; Johns et al., 2001 ) . Transfection was performed using an Electro Square Porator (BTX). Another approach to loading vesicles was to incubate cells for 3 min in a solution containing 3 μ M of acridine orange, after which they were washed for 5 -10 min.
Combined capacitance and IRM measurements IRM imaging was performed using an inverted microscope (Axiovert 200; Carl Zeiss, Inc.) as described previously ( Llobet et al., 2003 ) . All images and videos are displayed as difference images in which the background was subtracted using an average of 25 images obtained before stimulation. Difference images therefore display areas where the IRM image altered in response to stimulation ( Llobet et al., 2003 ) . Cells were voltage clamped in the whole-cell confi guration using an amplifi er (Axopatch 200A; MDS Analytical Technologies) and data were acquired with a computer (G4; Macintosh) equipped with an ITC-16 interface (InstruTECH) controlled by the pulse control extension ( Horrigan and Bookman, 1994 ) of Igor Pro software (Wavemetrics). A detailed description on the methodology used to perform capacitance measurements has been described previously ( Neves and Lagnado, 1999 ) .
Exocytosis was triggered with either a 500-ms depolarization from Ϫ 80 to +10 mV or with a train of 24 × 105-ms depolarizations from Ϫ 80 to +10 mV delivered at 5 Hz. Image acquisition was performed using a charge-coupled device (CCD) camera (either QI-Cam [Q-Imaging] or PXL [Photometrics]) operated using IPLab software (BD Biosciences) at a rate of 55 Hz. Acquisition of images was triggered by a TTL pulse delivered by the ITC-16 at the beginning of the electrophysiological recording. To combine IRM experiments with Ca 2+ uncaging, a bifurcated fi ber bundle was used in combination with a 100-W Hg lamp equipped with two condensers. One half of the bundle allowed slow photolysis of NP-EGTA and simultaneous measurement of free [Ca 2+ ] by interleaving an exposure to 340 and 380 nm of light every 0.5 s. The other half of the bundle carried blue light for IRM imaging (485DF22 fi lter; Omega Optical Inc). The fi lter block in the microscope was equipped with a dichroic mirror (500 DRLP; Omega Optical Inc.) that transmitted the green fl uorescence emission of Fura-2 effi ciently while only transmitting ‫ف‬ 50% of the blue light generating the IRM image. A dichroic mirror (505 DRLP; Omega Optical Inc.) located in a special mounting (Cairn Research Ltd) refl ected the blue IRM image to a CCD camera while transmitting the green Fura-2 emission to a photomultiplier tube.
Quantifi cation of IRM signals
The method by which we quantifi ed the dynamics of granule dilation and constriction was to simply measure changes in the total amount of refl ected light because this signal was reproducible and obvious. We did not attempt to measure the actual diameter of the opening because the point-spread function of the microscope did not allow objects 200 nm in diameter to be discriminated from objects 2 nm in diameter (the suggested diameter of a putative fusion pore; Lindau and Alvarez de Toledo, 2003 ) . The amplitude and spatial properties of the IRM signal are also expected to carry information about features that one might want to measure, such as the size of the opening to the granule and the size and shape of the
